. The physiological releThe crystal structure of the conserved core of HIV-1 vance of the interaction of Nef with SH3 domains is Nef has been determined in complex with the SH3 unknown. However, mutagenesis of Nef showed that domain of a mutant Fyn tyrosine kinase (a single amino the PxxP motif is essential for optimal spread of HIV-1 acid substitution, Arg-96 to isoleucine), to which Nef virus in primary cell cultures, suggesting that the virus binds tightly. The conserved PxxP sequence motif of has evolved to exploit SH3-mediated interactions with Nef, known to be important for optimal viral replicacellular proteins to enhance its replication in some way tion, is part of a polyproline type II helix that engages .
functions as an SH3-docking protein and also identifies
The two molecules of Nef in the asymmetric unit are very similar in structure (root-mean-square deviation regions of Nef that are likely to be interaction sites for factors other than the SH3 domain. The structure also [rmsd] in C␣ positions of 0.7 Å ), as are the two SH3 provides a template for the design of potential inhibitors domains (C␣ deviation of 0.6 Å ). In addition, the strucof Nef action.
tures of the SH3 domains are quite similar to that of uncomplexed wild-type Fyn SH3 (Noble et al., 1993) (rmsd values in C␣ positions of 0.45 Å and 0.6 Å , respecResults and Discussion tively). The intermolecular interfaces of the two Nef-SH3 complexes in the asymmetric unit are also quite similar Definition of Nef Core Region in general terms. There is, however, a small but signifiand Structural Analysis cant difference in the relative orientation of the SH3 Previous studies using limited proteolysis had sugdomain with respect to Nef in the two complexes that gested that Nef contains two domains: a smaller N-terappears to be due to differences in crystal packing interminal domain (residues 1-57 in HIV-1 NL4-3) and a larger actions (see below). The SH3 domain from one complex C-terminal domain (residues 58-203) (Freund et al., has a lower average temperature factor (30 Å 2 ) than the 1994a, 1994b). The two domains of Nef can be separated other (53 Å 2 ), and the former complex is used for all in vitro by digestion with proteases, including the HIV analysis unless stated. The temperature factors for the protease, which cleaves at a conserved site between Nef molecules in both complexes are similar (31 Å 2 and residues 57 and 58 (Freund et al., 1994a) . Apart from a 28 Å 2 , respectively, for all atoms). The difference in temconserved myristylation motif, the N-terminal domain is perature factors of the two SH3 domains may be related polymorphic and highly susceptible to proteolytic degto the fact that the one with the higher temperature radation, suggesting that it may not have a well-defined factors has significantly fewer crystal lattice contacts. fold. The C-terminal domain, in contrast, is highly conserved and has been shown to form a well-defined and relatively stable structure (Shugars et al., 1993; Freund Structure of Nef core The architecture of Nefcore consists of three layers. The et al., 1994a) .
We have shown previously that full-length Nef protein N-terminal region forms an outer layer that consists of a PP-II helix (Arg-71 to Arg-77), which contains the PxxP (HIV-1 NL4-3, 206 residues, purified from a bacterial expression system) binds tightly to the SH3 domain of motif, followed by two anti-parallel ␣ helices (␣A and ␣B) that pack against a middle layer of four anti-parallel Hck and to a mutant SH3 domain (R96I) of Fyn (Lee et al., 1995) . We were unable to crystallize full-length Nef, in ␤ strands (Figures 2A and 2B ). The C-terminal region consists of two short ␣ helices and packs on the other the presence or absence of SH3 domains. We therefore utilized a combination of deletion mutagenesis, limited side of the ␤ strands. The first helical layer forms a contiguous region on the surface of Nefcore that is responproteolytic digestion, and mass spectrometric analysis (Cohen et al., 1995b) to define a smaller fragment of Nef sible for the entire interaction with SH3 ( Figure 2C ). The interaction surface is formed by the closed arrangement (residues 39-205) that retained high affinity binding to SH3 domains and readily yielded large crystals of the of the helices. The PP-II helix leads into helix ␣A and also packs against the C-terminal edge of helix ␣B. The complex of Nef with Hck SH3. These crystals, however, diffracted only to 6 Å resolution and could not be imtwo ␣ helices are connected by a relatively long linker (ten residues), and although they are in an anti-parallel proved. The Nef construct was then truncated to the highly conserved core (Nefcore, . This arrangement, they do not pack closely against each other. Instead, they are separated by approximately version of Nef yielded crystals with the Hck SH3 domain that diffracted poorly. However, cocrystallization with 10.5 Å (distance of closest approach of C␣ atoms), with their axes inclined by 70Њ, so as to create a hydrophobic the Fyn(R96I) SH3 domain resulted in the rapid growth of large crystals of the complex that diffract to 2.8 Å in and solvent-accessible crevice between them ( Figure  3A ). The major portion of this crevice between the helithe laboratory and to 2.5 Å using a synchrotron X-ray source.
ces is unoccupied by the SH3 domain and is separated from the SH3-binding region by two aromatic residues The crystal structure of the Nef core -Fyn(R96I) SH3 complex was determined and refined at 2.5 Å resolution (Trp-113 and Phe-90; see Figure 3A ). Conserved side chains that line this crevice are available for potential using multiwavelength anomalous diffraction (MAD) analysis (Hendrickson, 1991) of a lead derivative for the interactions with other molecules ( Figure 3A ). The general features of the crystal structure are consistent with initial phase determination. The crystals (P6 5 22; a ϭ b ϭ 107.8 Å , c ϭ 229.1 Å ) contain two Nef-SH3 complexes the demonstration by nuclear magnetic resonance (NMR) of the presence of two anti-parallel ␣ helices in the asymmetric unit. The current refined model consists of 2635 nonhydrogen protein atoms (including both corresponding to ␣A and ␣B and the anti-parallel nature of the strand network (Grzesiek et al., 1995) . Nef-SH3 complexes), 99 water molecules, and 2 trimethyl lead molecules. The R value for the model (using The four anti-parallel strands that make up the second layer of Nefcore are irregular in their architecture. They data between Bragg spacings of 6.0 and 2.5 Å ) is 21.5% (free R value of 28%) (see Table 1 ). The model for both do not form a contiguous four-stranded ␤ sheet, but are instead separated into two distinct anti-parallel pairs of complexes consists of residues 71-148 and 178-203 of Nef core (Figure 1 ) and residues 85-141 of the Fyn(R96I) strands ( Figure 3B ). Strand ␤A is part of an extended chain that runs from the C-terminus of helix ␣B, at Gly-SH3 domain. Two regions of Nefcore are disordered in the crystal and are not modeled: the N-terminal 16 resi-119, to a turn at Val-133. The chain is kinked at a ProAsp-Trp sequence (residues 122-124), with the tryptodues and 29 residues in a large internal loop (residues 149-177) that is distant from the SH3-binding surface.
phan side chain being buried in the hydrophobic core of the molecule. The short ␤A strand consists of residues conformation in the chain owing to the presence of the three prolines. Only two hydrogen bonds are formed 126-128, which each form at least one anti-parallel ␤-sheet hydrogen bonding interaction with residues in between strands ␤B and ␤C. The presence of two strictly conserved prolines, one at position 136 (in ␤B) and the ␤B, and is terminated by a Pro-Gly-Pro-Gly-Val-Arg-TyrPro sequence that induces a wide bend and irregular other at 147 (immediately following ␤C) appears to hold The amino acid sequences of the conserved core region of Nef protein from different strains of HIV-1, HIV-2, and SIV are shown. Residue numbers above the sequences correspond to HIV-1 NL4-3. The secondary structural elements of the Nef core crystal structure are indicated by arrows for strands (labeled ␤A-␤D) and boxes for ␣ helices (labeled ␣A-␣D); the PP-II helix is indicated. A loop connecting ␤C and ␤D is disordered in the structure and is indicated as a broken line.
Residues involved in the interaction with SH3 are labeled with an asterisk above the sequence. The NL4-3 strain used in this paper (marked by superscripted plus) contains a mutation that replaces Thr-71 with arginine, corresponding to most patient-derived sequences. The sequences shown were obtained from a database at Los Alamos National Laboratory, via internet (http://hivweb.lanl.gov/) and were selected in an attempt to illustrate the diversity of Nef sequences. The particular HIV-1, HIV-2, and SIV subgroupings shown are as given in the Los Alamos database. The groupings are based on sequence similarity and not on the origin of the virus.
apart the two strands, preventing the formation of a contiguous sheet structure across strands A, B, C, and D ( Figure 3B ). The paucity of regular hydrogen bonding interactions between the strands, although unusual, is not without precedent. For example, the structure of the C-type lectin domain consists of a number of irregular strands with limited interstrand hydrogen bonding (Weis et al., 1991) . The C-terminal region of Nef core (residues 187-203) only partially covers the distal surface of the ␤ strands, and thus the bulk of the hydrophobic core of the domain is formed between the strands and the N-terminal helices. The irregular architecture of the strands coupled with the spatially separated orientation of ␣A and ␣B results in a relatively loose and open appearance to the structure and suggests that the fold of Nefcore might not be particularly stable.
Interaction with the SH3 Domain
The structure of the Fyn SH3 domain has been described previously (Noble et al., 1993) , and the structure of the Fyn(R96I) SH3 domain seen here is essentially unchanged. The ␤ barrel structure of the SH3 domain presents an array of conserved hydrophobic side chains that are spaced appropriately for interaction with polyproline helices ( Figure 4C ). Two loops that abut this interaction surface are of particular interest in terms of SH3 specificity: the so-called RT-Src or RT loop (between the first and second strands of the SH3 domain) and the n-Src loop (between the second and third strands). The historical nomenclature for these SH3 loops refers to critical arginine and threonine residues in the RT loop in Src and to insertions in the n-Src loop in neuronal forms of Src. The RT loop plays a key role in the interaction with Nef, while the n-Src loop does not.
Residues 71-77 of Nef form a left-handed PP-II helix that spans the strictly conserved PxxP motif. The PP-II helix has side chains emanating in three directions, two of which are utilized for interactions with the SH3 domain The rest of Nef core (residues 121-203) is colored green. The disordered loop (residues 149-178) between ␤C and ␤D is indicated as a dotted line. The Fyn(R96I) SH3 domain is in blue. Also shown are the side chains of the conserved tryptophan of SH3 (residue 119, in red), the specificity-conferring isoleucine of SH3 (residue 96, in red), and the two prolines that define the PxxP motif of Nef (residues 72 and 75, in yellow). The views in (A) and (B) are approximately orthogonal. The figure was prepared using MOLSCRIPT (Kraulis, 1991) and Raster3D (Bacon and Anderson, 1988) . (C) The molecular surface of Nef core, with Fyn(R96I) SH3. The local electrostatic potential of Nef core was calculated in the absence of the SH3 domain using GRASP (Nicholls et al., 1991) . The molecular surface is colored according to the local electrostatic potential, with colors ranging from dark blue (most positive region) to deep red (most negative) through white (neutral). The SH3 domain is shown as a blue tube. The side chains of Trp-119 and Ile-96 of SH3 are shown in yellow. Trp-113 and Phe-90 of Nef separate the binding pocket for Ile-96 of SH3 from the hydrophobic crevice that is available for potential interaction with other molecules. Arg-106 of Nef, located at the lower left edge of the crevice, is implicated in the association of Nef with a Ser kinase activity (Sawai et al., 1995) .
( Figure 4 ). PP-II helices can bind to SH3 domains in two orientations, "plus" and "minus," with the particular choice of direction being dictated by electrostatic complementarity and by steric restrictions set by the presence of nonproline residues on one or the other interacting edge of the PP-II helix . The Nef PP-II helix interacts with the SH3 domain in the minus orientation, and the interface with the SH3 domain is strikingly similar to that seen in the structures of similarly oriented peptides bound to the SH3 domains of Sem5, Grb2, Src, and Crk Terasawa et al., 1994; Wu et al., 1995; Goudreau et al., 1994) . In the following discussion, we compare the Nef PP-II-SH3 interaction with the interaction between the N-terminal SH3 domain of c-Crk and a peptide corresponding to a sequence in the guaninenucleotide exchange factor Sos (Wu et al., 1995) . Similar features are seen in structures of Sem5, Grb2, and Src SH3 domains complexed with peptides. For consistency, we adopt the notation used previously and refer to binding sites for the PP-II helix as P Ϫ1 , P 0 , P ϩ1 , and so forth , where Val-74 of Nef occupies the P 0 position. Note that in the minus orientation seen here, the numbering of these sites runs counter to the direction of the polypeptide chain of the PP-II helix of Nef.
One edge of the PP-II helix of Nef contains the two residues that define the PxxP motif, Pro-72 and Pro-75. These occupy the P Ϫ1 and P ϩ2 sites on the SH3 domain and pack against conserved hydrophobic side chains (Tyr-91, Trp-119, Pro-134, and Tyr-137 of SH3; Figures  4A and 4C) . The other edge of the PP-II helix that interacts with the SH3 includes three nonproline residues (Arg-71, Val-74, and Arg-77). The arginine residues provide hydrophobic, hydrogen bonding, and electrostatic interactions with the SH3 domain. Arg-77 is strictly conserved in Nef sequences (Figure 1 ) and is critical to the integrity of the interface, since it is involved in the formation of an extensive network of interactions with other components of the Nef structure and with the SH3 domain ( Figure 5B ). This side chain stacks closely against a face of the Trp-119 side chain of SH3 and forms a salt bridge with a conserved acidic residue (Asp-100) in the RT loop of SH3. Similar ion pairing interactions have been observed in many SH3-peptide complexes. The N-terminal Arg-71 of Nef is relatively poorly ordered, but forms a hydrogen bond via its N atom with the hydroxyl group of Tyr-137 and may also contribute to electrostatic complementarity, since it is in the vicinity of two acidic residues (Asp-92 and Glu-94) of the SH3 domain. Val-74 of Nef occupies the central P 0 binding shown in detail in the main figure. The SH3 domain and Nefcore Figure 3 . Architecture of Nef are shown in dark blue and in green, respectively. The conserved (A) The spacing between the two helices, ␣A and ␣B, and the loop tryptophan (residue 119) and the specificity-conferring isoleucine connecting them is illustrated. A hydrophobic crevice is formed (residue 96) of the Fyn(R96I) SH3 domain (shown in red) are provided between the two helices. The crevice is bordered by eight conserved as landmarks. residues and is separated from the SH3 interaction surface by the (B) The irregular architecture of the four anti-parallel strands (␤A-␤D) side chains of two aromatic residues (Trp-113 and Phe-90). Argof Nef core . Two strictly conserved prolines (residues 136 and 147) 106, which has been found to be essential for the association of hold apart the two hairpins, and the van der Waals surfaces of these Nef with a Ser kinase activity (Sawai et al., 1995) , is located at one two prolines are shown as dotted surfaces. The insert shows a edge of this crevice. The insert shows a ribbon diagram of the ribbon drawing of the Nefcore-Fyn(R96I) complex. The boxed region Nef-SH3 complex in the same orientation. The boxed region is is shown in detail in the main figure.
site and packs against Tyr-93, Trp-119, and Tyr-137 side chains of SH3. Val-74 is highly conserved in Nef sequences and is completely buried at the interface owing to tertiary interactions in the Nef protein.
Pro-72 and Pro-75 are strictly conserved in all Nef sequences and are essential for the enhancement by Nef of viral replication in vitro . The critical role for these two residues in Nef function correlates with their central position at the Nef-SH3 interface. In contrast, prolines at positions 69 and 78 are not as highly conserved among primate immunodeficiency viruses (Figure 1 ) and are dispensable for the binding to SH3 domains (Lee et al., 1995) . Pro-69 is part of the N-terminal disordered region of Nefcore and is not modeled in the crystal structure. Pro-78 does not interact directly with the SH3 domain, but instead plays a structural role in the recognition by causing a kink in the loop connecting the PP-II helix to helix ␣B. The side chain of Tyr-120, which is part of the network of tertiary interactions at the interface ( Figure 5B ), packs against the backbone of Pro-78.
There is remarkably close correspondence between the way in which the PP-II helix of Nef docks on the SH3 domain and the mode of interaction of peptide ligands with SH3 domains (Figures 4B and 4C) . If the SH3 domains of the Nef-SH3 complex and the Crk-peptide complex are superimposed, the average deviation in the positions of the C␣ atoms of the two PP-II helices is 1.1 Å . The similarity in the general disposition of the Nef PP-II helix on the SH3 surface with that of peptide ligands is also emphasized by the fact that very similar hydrogen bonding interactions between the peptide and the SH3 domain are seen in the two cases. Hydrogen bonds between the backbone of the PP-II helix of Nef and the side chains of Trp-119 and Tyr-137 of the Fyn(R96I) SH3 domain are similar to those seen in peptide complexes of Crk, Grb2, and Sem5. Asn-136 of Fyn SH3 forms a hydrogen bond to the backbone of the PP-II helix (Figures 4B and 4C ). Many SH3 domains, including Grb2, have a glutamine at this position, and a similar hydrogen bonding interaction is found in the Grb2-peptide complex .
Tertiary Interactions between Nefcore and SH3
Unlike in SH3-peptide interactions, the Nef PxxP motif is presented in the context of a folded protein that con- The region on the SH3 surface that is occluded by the Nef PP-II helix (including the PxxP motif) is outlined in pink. An additional region on the SH3 surface that is occluded by other elements of Nef is marked with a green dotted line. Tyr-93 of the SH3 domain on the interaction surfaces of the SH3 domains are colored white. is partially covered by Nef PxxP motif and is completely buried when
The PP-II helices are shown in green, with the polypeptide backbone the rest of the Nefcore is included. The surface is colored according of the helices indicated as red ribbons. To the left, the rest of Nefcore to the local electrostatic potential, calculated in the absence of is shown as a red C␣ backbone trace. Ile-96 of the Fyn(R96I) SH3 Nefcore using GRASP (Nicholls et al., 1991) . Surface colors range domain is shown in red, as is Asp-100. The view in (C) is approxifrom dark blue (most positive region) to deep red (most negative) mately orthogonal to that in (B) and emphasizes the 3-fold pseudothrough white (neutral). The Nef PP-II helix is shown as a stick symmetry of the PP-II helices formed by the PxxP motifs. Two of figure, with atoms colored as follows: carbon, yellow; nitrogen, blue; the three edges of the PP-II helices pack against conserved hyoxygen, red. drophobic residues (in white) on the surface of the SH3 domains. (B and C) Comparison of Nef PP-II helix interacting with Fyn(R96I)
In the Nef-SH3 complex (left), Asn-136 of the Fyn(R96I) SH3 domain SH3 (left) with the Sos peptide-Crk SH3 interaction (right) (Wu et forms a hydrogen bond with the backbone of the PP-II helix of Nef. al., 1995) . In (B), the view is approximately perpendicular to the SH3-Although Crk has a proline in the corresponding position (right), binding surface. The polypeptide backbones of the SH3 domains other SH3 domains have glutamine . The view shown are shown as blue ribbons, and the conserved hydrophobic residues is from the C-terminus of the PP-II helix in both cases. The structure on the left is the complex that is the focus of the major part of the discussion in the text. The structure on the right is that of the second independent complex in the crystal. Note the slight change in the relative orientation of the Nef and SH3 components of the complex (see text). The side chain of Asp-86 forms a hydrogen bond with Thr-97 in the RT loop of the second complex. For clarity, this interaction is not shown. domain is larger than for an isolated peptide. The total PxxP motif is hydrogen bonded to the backbone of ␣B. Three other hydrogen bonding interactions between the accessible surface area on Nef and on the SH3 domain that is buried upon formation of the complex is ‫0021ف‬ PxxP motif and the C-terminal region of ␣B are likely to be important for stabilizing the position of Arg-77, a Å 2 (calculated using a probe of radius 1.4 Å ), with about 600 Å 2 buried on each partner. In comparison, if the critical component of the Nef-SH3 interface. The backbone carbonyl groups of residues 118 and 119 are hy-PP-II helix alone of Nef is considered, the total buried surface area is ‫087ف‬ Å 2 , with ‫093ف‬ Å 2 buried on the SH3 drogen bonded to the N atom of Arg-77 and the backbone amide of Leu-76, respectively. The conformation domain. The increase in interaction area between the SH3 domain and Nef relative to the core interaction of adopted by these two consecutive carbonyl groups is made possible by the presence of a strictly conserved the PP-II helix is due to contributions from the two helices ␣A and ␣B and adjacent residues in Nef and from glycine at position 119 of Nef (see Figure 1) . Finally, the amide nitrogen at position 121 of Nef hydrogen bonds the RT loop in the SH3 domain ( Figure 4A ).
The PP-II helix of Nef interacts with the rest of Nef as to the carbonyl group of Arg-77. In the Nef-SH3 complex, the RT loop of the SH3 dowell as with the SH3 domain. The total accessible surface area of the Nef PP-II helix, considered separately main extends over the surface of Nef, such that the side chain of Ile-96 of SH3 is inserted into a pocket formed from the rest of the protein, is ‫0021ف‬ Å is rotated by about 15Њ with respect to the orientation the interaction of Arg-77 with Asp-100 is likely to be of the other. However, the position of the PP-II helix strengthened by the formation of stacking interactions with respect to the SH3 domain is essentially unchanged between Arg-77 and a conserved tryptophan side chain (the SH3 domain and the PP-II helix move as one unit), of the SH3 domain (Trp-119) on one side and the side which results in a 15Њ rotation of Nef (excluding the PPchain of Tyr-120 of Nef on the other. Tyr-120 is posi-II helix) with respect to the SH3 domain, pivoted about tioned by packing against Met-79 and Ala-83 of Nef.
a point close to the C-terminal end of the PP-II helix. Asp-100 of SH3 is also hydrogen bonded to Gln-118 of
The net effect of the conformational change is that Nef, which is at the C-terminus of helix ␣B. Gln-118 is the SH3 domain and Nef are tipped such that the isoleuhydrogen bonded to the hydroxyl group of Tyr-93 of the cine side chain of the SH3 domain in the second complex SH3 domain, which interacts with the valine side chain is more buried in the binding pocket on Nef. All of the at position P0 of the PP-II helix of Nef. The buttressing interactions described for the first domain are generally of the interaction of Arg-77 with Asp-100, in the RT loop, preserved in the second complex, although some of the has an additional significance in the Nef-SH3 complex, details differ because side chain positions have changed since it serves to position the Ile-96 side chain that is by 1-2 Å owing to the intermolecular rotation ( Figure 5B ). also in the RT loop and is involved in the hydrophobic
The most extreme difference involves the interaction of interaction with the crevice on the surface of Nef.
helix ␣A with the RT loop of the SH3 domain. In the first Most of the SH3 residues involved in the hydrogen complex, the side chain of Asp-86 (strictly conserved in bonding network at the Nef-SH3 interface are highly the Nef sequences shown in Figure 1 ) hydrogen bonds conserved in Src family SH3 domains and are therefore with the backbone of the RT loop. This interaction is unlikely to play a role in determining the specificity of replaced in the second complex by a hydrogen between the interaction. However, they function to place the RT Asp-86 and the side chain of Thr-97 of the SH3 and loop in a defined orientation on the Nef-binding surface.
an additional ion pairing interaction between the wellIn addition to being highly variable in its sequence, the ordered side chains of Lys-82 of Nef and Asp-99 in the RT loop of SH3 domains is a highly flexible element (e.g., RT loop of the SH3 domain ( Figure 5B ). Gosser et al., 1995) , and the hydrogen bonding network This conformational difference emphasizes an essenat the Nef-SH3 interface is likely to localize the RT loop, tial feature of the Nef-SH3 interface. Rather than a rigid allowing "readout" by the Nef surface of the specificityinterdigitation of hydrophobic side chains, the polar nadetermining residues of the SH3. These interactions ture of the Nef-SH3 interaction results in some degree clearly lead to quite high specificity, with a greater than of flexibility at the interface. In particular, adjustments 100-fold selectivity over closely related SH3 domains in the positions of hydrogen-bonding groups at the inter- (Lee et al., 1995) . The low affinity of wild-type Fyn SH3, face may be assisted by the participation of water molewith an arginine at position 96, is readily understood cules in the network of interactions. Although water molgiven the hydrophobic nature of the binding site for Ileecules are observed at certain positions at each of the 96 in the mutant.
interfaces, a detailed analysis of the role of these waters Despite the similarity between the SH3 interactions awaits the measurement of more accurate X-ray data of the PP-II helix of Nef and peptide ligands of SH3 at higher resolution. domains, isolated peptides corresponding to this region of Nef do not bind with high affinity to SH3 domains. For example, the 12-mer peptide PVRPQVPLRPMT, which Sequence Variation in Nef core encompasses the PxxP motif of Nef, binds to the Hck The Nef sequences shown in Figure 1 are representative SH3 domain with a K d of 91 M (Lee et al., 1995) . In of the range of sequence diversity observed in HIV-1, contrast, the peptide PPPVPPRRRR (derived from Sos), HIV-2, and SIV. For the region corresponding to the used in the comparative illustrations, binds to the Crk ordered structure in the crystal (residues 71-203, ex-SH3 domain with a K d of 5.2 M .
cluding the disordered loop between ␤C and ␤D), the Part of the reduction of binding affinity of the Nef PxxP sequences in the HIV-1 subgrouping are highly conpeptide is likely to be due to the presence of nonproline served. The Nef variant used here (HIV NL4-3) is 81% residues at the nonbinding edge of the PP-II helix (glutaidentical to the HIV MAL sequence, the most distant in mine at P Ϫ1 and leucine at position P Ϫ2 ). In the case of the HIV-1 grouping. Sequences in the HIV-2 and SIV the isolated peptide binding to the SH3 domain, these groupings are more divergent, with sequence identities residues do not contribute to the binding interface and with respect to HIV NL4-3 of 57% for HIV-2 EHOA and are likely to increase the entropic cost of forming the 49% for SIV AGM155, for example. However, substitu-PP-II helix. The intact Nef protein binds more than 300 tions at most positions across Nef core are highly consertimes more tightly to the SH3 domain than the isolated vative (except in the disordered ␤C-␤D loop), indicating peptide, indicating that the additional interactions dethat the three-dimensional structure reported here will be a reasonable model for all Nef sequences. scribed here compensate for these destabilizing factors.
There are 25 positions that are conserved without are likely to disrupt the interaction of Nef with the SH3 domain and possibly with other molecular partners, and exception in all the sequences shown in Figure 1 . The strictly conserved residues that do not appear to have the design or discovery of such compounds would likely lead to interesting insights into the mechanism of Nef a major structural role fall into two categories. Five are involved in interactions with the SH3 domain (Pro-72, action, with potential therapeutic implications. . The three other strictly conserved residues, Arg-106, Ile-109, and Leu-
Experimental Procedures
110, are located on the edge of the crevice between helices ␣A and ␣B ( Figure 3A) . The hydrophobic nature Protein Expression and Purification of the side chains lining this crevice is conserved in all Polymerase chain reaction (PCR) was used to amplify the core region (residues 54-205) of Nef from HIV-1 NL4-3 (referred to as Nef core).
Nef sequences (Figure 1) , and Arg-106 has been impli-A threonine to arginine mutation was introduced at residue 71 to cated in the association of Nef with Ser kinase activity mimic the sequence of most nef alleles obtained directly from pa- (Sawai et al., 1995) . The arrangement of hydrophobic tients (Shugars et al., 1993; Huang et al., 1995) . Nefcore was cloned side chains seen here is strongly suggestive of a binding into the pGEX-2T expression vector (Pharmacia), which was modisite for a ligand ( Figure 3A) . by which the repertoire of SH3-binding specificity can
The Hck SH3 domain was purified as described previously (Lee be extended by presenting the polyproline helix within et al., 1995) . To produce Fyn(R96I) SH3 domain, cDNA encoding the the context of a folded protein.
beamline X4A. All data were processed using program DENZO and SCALEPACK (Z. Otwinowski and W. Minor).
Phase Determination
Although several heavy atom derivatives were obtained, severe nonisomorphism between native and derivative crystals prevented the determination of accurate phases by multiple isomorphous replacement. Crystals soaked in solutions containing 30 mM of trimethyl lead acetate yielded a derivative with a strong anomalous diffraction signal (9 peaks in the Harker section of an anomalous difference Patterson map at 3.0 Å resolution, calculated using data measured at the A1 beamline at CHESS, at a wavelength of 0.92 Å ). Isomorphous difference Patterson maps contained no interpretable peaks, indicating nonisomorphism.
Phases were determined by carrying out a MAD experiment on the lead derivative. For MAD data collection, a single crystal was derivatized using trimethyl lead and was mounted, after flash freezing, with the c* axis aligned along the rotation axis and perpendicular to the X-ray beam to allow the near simultaneous recording of Bijvoet pairs of reflection. Data collection at four wavelengths near the lead absorption edge (Table 1) were recorded on image plates, digitized with a Fuji scanner, and processed with DENZO and SCALEPACK. Heavy atom parameters were refined and phases were calculated using the program MLPHARE (Z. Otwinowski). Phases calculated at 3.2 Å resolution using only MAD data yielded an interpretable electron density map, which was further improved by solvent flattening and histogram matching using SQUASH (Zhang and Main, 1990) . The handedness of the ␣ helices provided definite confirmation of the space group assignment.
Model Building and Refinement
There are two Nefcore-SH3 complexes in the asymmetric unit of the crystal. A noncrystallographic 2-fold symmetry operator that relates two complexes in the asymmetric unit was identified by the positions of equivalent helices and heavy atoms. It was evident from the original electron density map that the relative position of the SH3 domain with respect to Nef core is slightly different between the two complexes. Two symmetry operators that relate the two Nef and SH3 molecules, respectively, were therefore used for all subsequent real space density averaging (RAVE, part of the O package) as well for the application of noncrystallographic symmetry restraints during refinement. The 2-fold averaged electron density map ( Figure  6A ) based on MAD phases was of good quality and allowed a model to be built unambiguously, using program O (Jones et al., 1991) . The Fyn SH3 domain structure (Noble et al., 1993) was fit into the averaged electron density map. The sequence assignment for Nef core was quite straightforward, since it has a relatively high aromatic content (12.5% compared with 8.4% on average; see Figures 6A and 6B). The positions of two methionine residues in the asymmetric unit (Met-79) were confirmed in a difference electron density map using X-ray data for a Se-methionine derivative (Met-173 is in a disordered region of the structure and is not observed).
Crystals that have been derivatized using trimethyl lead diffract somewhat better than unmodified crystals, and data collected for Figure 6 . Electron Density Maps in a Region of the Hydrophobic the lead derivative were used in all the analysis. The trimethyl lead Core of Nef core molecules are bound at crystal contact sites and are distant from the Nef-SH3 interface. The model was refined using X-PLOR (Brü nger, (A) Electron density map at 3.2 Å resolution, calculated using experi-1992), initially using data collected during the MAD analysis. The mental MAD phases. free R value (Brü nger, 1993) was used to monitor all stages of the (B) Electron density map at 2.5 Å resolution, using phases calculated refinement. Noncrystallographic symmetry restraints (separately for from the refined model. In (A), the electron density map is calculated Nef core and for the SH3 domain) were initially applied to the two using experimentally observed amplitude and phases obtained from complexes, except for a small number of residues at the interface the MAD analysis and then modified by solvent leveling and 2-fold between Nefcore and SH3. The refinement was later extended to 2.5 real space density averaging. In (B), the electron density map was Å using data collected at CHESS (Table 1) . Finally, the noncrystallocalculated using coefficients (2|F obs |Ϫ|F cal |)exp(Ϫi␣ c ), where F obs is graphic symmetry restraints were released, and two complexes the observed structure factor amplitude and F cal and ␣ c are the were allowed to refine independently. Well-ordered solvent moleamplitude and phase calculated from the current model. Blue lines cules were included at this stage, and tightly restrained individual indicate electron density at the 1.5 level. The protein atoms are isotropic B factors were refined. The refinement proceeded shown in stick representation, with atoms colored as in Figure 4A . smoothly, without the utilization of simulated annealing refinement.
The statistics for data collection, phase determination, and refinement are given in Table 1 . The working R value is 21.5%, using data 2.0. The current model includes two complexes of Nef core -Fyn(R96I) SH3 domain (residues 71-148 and residues 179-203 of Nef and between 6.0 and 2.5 Å (20,684 reflections), and the free R value (10% of the data) is 28% for final model using reflections with I/I > residues 85-131 (1996) . The solution structure of HIV-1 Nef reveals an unexpected fold and permits delin
